Polynucleotide phosphorylase (polyribonucleotide:orthophosphate nucleotidyltransferase, EC 2.7.7.8) activity has been found in many prokaryotes and studied in detail since 1955. Such enzymes have been detected also in plants. We now describe the purification of polynucleotide phosphorylase from cucumber cotyledons and leaves. This enzyme is a complex of three subunits, possibly not identical, of about Mr 50,000. Its enzymatic properties are similar to those of the tobacco enzyme. Unlike the prokaryotic enzymes, the plant enzyme shows activity in the absence of primer but is to various extents stimulated by various ribopolynucleotides or RNAs. RNA-dependent RNA polymerase, not previously shown to exist in non-virus-infected cucumber, has been found to be present at a low level and was separated from the much greater amount of polynucleotide phosphorylase, although some of the physical properties of the two enzymes are rather similar.
In the course of a continuing study of the RNA-dependent RNA polymerase of cucumber cotyledons and leaves, it became evident that these plants, be they virus-infected or not, contained much of another enzyme, polynucleotide phosphorylase (polyribonucleotide:orthophosphate nucleotidyltransferase, EC 2.7.7.8). Polynucleotide phosphorylase was first discovered and purified from Lactobacillus and has since been isolated from many other aerobic and anaerobic bacteria (1) (2) (3) (4) . It has proved to be a most useful tool in many molecular biological studies requiring polynucleotides of known composition, with one of the first important applications serving in the establishment of the genetic code. However, the role of these enzymes in prokaryotes has not yet been identified. It has been suggested that they could serve as alternate means to nucleases for the degradation of unwanted RNA, but only in systems in which the inorganic phosphate concentration is sufficiently high to reverse the reaction.
Polynucleotide phosphorylase was detected, characterized, and partially purified from tobacco by Brishammar and Juntti (5) . Its presence in animal cells is scanty and dubious (5) (6) (7) . Del'vig and co-workers (8, 9) have studied the particular association of such enzymatic activity with polysomes.
We now have isolated an almost pure enzyme of properties similar to those of tobacco (5) from cucumber and report here its properties.
MATERIALS AND METHODS
Materials. [8-3H] GDP, [5-3H] UDP, [8-3H] GTP and [5- 3H]UTP were purchased from Amersham; unlabeled nucleoside di-and triphosphates were from Sigma; homopolynucleotides were from P-L Biochemicals; DEAE-Sepharose CL-6B, QAE-Sephadex A-25, and Blue-Sepharose CL-6B were from Pharmacia.
Plant and Virus Strain. Cucumber (Cucumis sativus L.) plants were grown in a greenhouse. The yellow strain of cucumber mosaic virus (CMV-Y) was inoculated onto cucumber cotyledons by rubbing with the aid of Carborundum (600 mesh), and the infected as well as healthy plants were kept in the greenhouse (20- Step 1. PEG precipitation. For RNA-dependent RNA polymerase precipitation, 11% PEG 6000 was used by Kumarasamy and Symons (12), while Gill et al. (13) and Takanami and Fraenkel-Conrat (11) used 22% PEG for complete precipitation of RNA polymerase. We adopted the higher concentration of PEG (22%) also for polynucleotide phosAbbreviation: CMV, cucumber mosaic virus. *To whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. phorylase precipitation. Therefore, an equal volume of 44% (wt/wt) PEG 6000 in 30 mM 2-mercaptoethanol/1 M NH4Cl was added to the initial extract and stirred for 40 min at 00C. The precipitate was collected by centrifugation at 12,000 x g for 15 min and extracted with about 0.1 ml (per gram of leaf material) of 20 mM Tris HCl, pH 8.0/5% PEG 6000/2 M NH4Cl/1 mM EDTA/30 mM 2-mercaptoethanol. This extract was subjected to centrifugation at 10,000 x g for 10 min and stored frozen at -70'C until used. The preferred purification procedure is as follows.
Step 2. The extract was thawed and dialyzed against two changes of 800 ml of A-buffer (40 mM Tris HCl, pH 8.0/30 mM NH4Cl/25% glycerol/0.5 mM dithiothreitol) for at least 4 hr. The dialysate contained insoluble material, which was centrifuged at 5000 x g for 10 min. The pellet was resuspended in about 5 ml of A-buffer and centrifuged at 10,000 x g for 10 min, and the supernatants were combined and applied onto a column (3 x 14 cm) of DEAE-Sepharose CL-6B, which had been equilibrated with the same A-buffer. After the column was washed with 150 ml of A-buffer, the enzyme was eluted with a linear 0.03-0.8 M NH4Cl gradient in the same buffer (total 200 ml); 2.2-ml fractions were collected under gravity.
Step 3. Active fractions from step 2 were dialyzed against A-buffer as described above, and the dialysate was loaded onto a strongly basic anion exchanger, QAE-Sephadex A-25 column (1.4 x 14 cm). After the column was washed with 40 ml of A-buffer, the enzyme was eluted with a linear 0.3-0.7 M NH4Cl gradient in the same buffer (total 80 ml); 2.2-ml fractions were collected under gravity. A significant amount of unwanted protein was separated from the sharp activity peak by this step.
Step 4. The active fractions from step 3 were dialyzed against B-buffer (40 mM Tris HCl, pH 8.0/30 mM NH4Cl/25 mM MgCl2/1 mM EDTA/25% glycerol/0.5 mM dithiothreitol). The dialysate was applied onto a column (1 x 14 cm) of Blue-Sepharose CL-6B equilibrated with B-buffer. The column was washed with at least 50 ml of B-buffer, and then the enzyme was eluted with a linear 0.03-1.0 M NH4Cl gradient in the same buffer (total 36 ml); 2.2-ml fractions were collected under gravity.
Step 5. The active fractions were concentrated by ultrafiltration (with gentle stirring) using the Diaflo ultrafiltration membranes PM 10. The concentrate was diluted appropriately with C-buffer (20 mM Tris-HCl, pH 8.0/250 mM KCI/25 mM NH4Cl/1 mM EDTA/0.5 mM dithiothreitol) to bring the glycerol concentration below 7.5%. This solution was subjected to glycerol-gradient centrifugation using 7.5-20% glycerol in C-buffer at 36,000 rpm (rotor SW 41) for 19 hr at 4°C. Twenty-one to 22 fractions of 0.54 ml were collected from the bottom of the gradient and assayed. Aliquots (10 p1) of each fraction were kept aside for protein estimation. NaDodSO4 Polyacrylamide Slab Gel Electrophoresis of Proteins. The proteins in each fraction after glycerol-gradient centrifugation or Blue-Sepharose CL-6B chromatography were precipitated by adding cold 50% trichloroacetic acid containing 0.2% sodium deoxycholate to give a final concentration of 15-20%. The mixtures were held on ice for 40 min and centrifuged at 10,000 x g for 15 min in polyethylene microcentrifuge tubes. The precipitate was washed three times with acetone at 0°C and resuspended in 20-25 ,l of Laemmli's sample buffer (14) . The precipitate was analyzed by discontinuous NaDodSO4/gel electrophoresis on 10% acrylamide gels as described by Laemmli. The bands were revealed on the gels either by Coomassie brilliant blue R-250 staining (15) or the ultrasensitive staining method of Merril et al. (16) . Table 1 presents the purification scheme that was found to be most advantageous. Methods that were found to be inef- tThe total activity is given in nmol of GDP incorporated during 30 min at 30'C with poly(U) as primer.
RESULTS AND DISCUSSION
tThe specific activity is expressed in nmol of GDP incorporated per mg of protein. §The specific activity of the peak tube is about 30,000. This peak fraction was mostly used for further characterization.
fectual or harmful to the enzyme, such as carboxymethylcellulose, phosphocellulose, and poly(U)-Sepharose, are not described.
The use of high ammonium sulfate in the initial extraction followed by PEG precipitation was found advantageous for the isolation of the RNA-dependent RNA polymerase (ref. 11 and unpublished data) from the same plant material. It has not been investigated whether the PEG precipitation has advantages for the isolation of polynucleotide phosphorylase. The presence of PEG actually interferes with the enzyme and protein analyses, so that the accuracy of the assay for specific enzyme activity is only an approximation.
The specific conditions of step 2 were chosen to enable us to separate the polynucleotide phosphorylase from RNA-dependent RNA polymerase, the presence of which in non-virus-infected cucumber had been in doubt. Thus, it became possible to show that the tubes preceding the high polynucleotide phosphorylase activity contained the RNA replicating enzyme even in healthy leaves. Thus, a sharp peak of GTPutilizing enzyme but not GDP-utilizing enzyme was obtained if this material was rerun on a small DEAE-Sepharose CL-6B column (1 X 17 cm) and was eluted in the same manner (Fig. 1) . Then RNA-dependent RNA polymerase could be clearly separated from the contaminating traces of polynucleotide phosphorylase; thus, proof was obtained that cucumber, like all other plants tested, contained RNA-dependent RNA polymerase, the properties of which will be described in a subsequent paper.
The recovery of polynucleotide phosphorylase activity was good at all steps except the glycerol gradient centrifugation (Table 1) , probably because of the reduction in glycerol concentration required for this step. However, the enzyme in the peak tube had high specific activity. The molecular weight was 150,000 ( Fig. 2) , as deduced from a calibration curve derived from the markers used (catalase, aldolase, yglobulin, and bovine serum albumin) that were centrifuged in the sister tubes of the same glycerol gradients. This is the same molecular weight as that found for tobacco polynucleotide phosphorylase (5).
In contrast, on denaturing polyacrylamide gels, the strong protein band in the step 4 peak tube seen by both Coomassie blue and silver staining had a molecular weight of 50,000, signifying that the native molecule is a trimer. With condiProc. NatL Acad Sd USA 82 (1985) Biochemistry: Khan and Fraenkel-Conrat Step 2 separation of enzymes from mildly infected cucumber cotyledons: *-*, GDP incorporation indicative of PNPase; O---_, GTP incorporation indicative of RP. The peak at tube 43 is due to GDP presence in the GTP used in this experiment. The insert shows a rerun of the RP area on a DEAE column (1 x 7 cm). Extracts from uninfected leaves show no definitive peak in the RP area, but that material, when rerun on the small column, shows a sharp peak in the RP area, similar (though lower in count) to that of the insert as shown. *-, Protein absorbance at 595 nm.
tions for optimal resolution of closely similar molecular weight proteins, two bands were detected several times, the denser one of Mr =51,600 and the less-dense one of Mr =48,400 (Fig. 3) . These observations suggest that the native enzyme might represent a complex of two identical and one slightly shorter peptide chain, the latter, if not all three, possibly of different composition.
Polynucleotide phosphorylases are usually regarded as having three types of action-i.e., polymerization, phosphorylation, and phosphate exchange. While some enzyme isolates are said to show only the degradation and exchange capability (17) , none have ever been found to be only synthetic. Therefore, we have relied entirely on diphosphate polymerization in evaluating the activity of the enzyme. The purified enzyme showed some such synthetic activity without any added primer. However, polymerization was stimulated by the presence of various RNAs or polynucleotides. Viral RNAs were observed to be equally active in enhancing the incorporation of UDP or GDP, while poly(U) and poly(A) had different polymerizing effects on UDP or GDP, poly(A) being a poor primer for guanosine polymerization and poly(U) for uridine polymerization.
The cucumber polynucleotide phosphorylase has a pH optimum of 8.6 (Fig. 4) . The optimal temperature is about 30'C (Fig. 5) , and the time curves for polymerization of temperatures from 20 'C to 350C demonstrated the same optimum (Fig. 6) . As characteristic for polynucleotide phosphorylases, the enzyme was quite sensitive to orthophosphate, being 100% inhibited by 0.5 mM orthophosphate under our standard assay conditions, but only slightly by pyrophosphate.
High concentrations of nucleoside diphosphates seem generally to be required to saturate polynucleotide phosphoryl- Temperoture,°F IG. 5 . The influence of temperature on the polymerizing activity of polynucleotide phosphorylase (step 4 peak-tube enzyme).
ases, such as 0.1 M in E. coli (2) and 0.05 M in Azotobacter agilis (3) . A complex relationship exists between ADP and MgCl2, even to the extent of inhibition beyond the optimal ratio (18) . It also has been observed that the salt concentration lowered the Km of the Micrococcus lysodeikticus enzyme (19) . Under our assay conditions at pH 8.0, cucumber polynucleotide phosphorylase had a Km value of 4 x 10-4 M for UDP (Fig. 7) , obtained as an average of four experiments.
The enzyme showed diminishing activity over a 3-hr period (Fig. 8) . It could be stored at -600C for several months without loss of activity, and repeated freezing and thawing had no harmful effect on the activity.
Cucumber polynucleotide phosphorylase was present in higher amounts in cotyledons than in true leaves. It appears that, with the maturation of leaves, the production and need for polynucleotide phosphorylase decrease. Similar observations were reported for the enzyme from tobacco leaves (5) . In animal cells, polynucleotide phosphorylase was said to occur largely in the endoplasmic reticulum ribosomes (7, 8) . It was suggested that in the nuclei polynucleotide phosphorylase participates in the processing of precursor RNAs, possibly in lieu of ribonucleases, whereas in the cytoplasm it might be involved in the degradation of polyribosomes. In the case of bacteria, the polynucleotide phosphorylase activity could not be detected in the soluble extracts of Lactobacillus arabinosus (20) . However, ribosomes of E. coli were found to contain 40% of the total polynucleotide phosphorylase, while Abrams and McNamara observed that in Streptococcus faecalis, most of the enzyme was present in cell membranes.
Thus, the bulk of the evidence suggests that at least one of the functions of these enzymes is to act on polysomes and possibly to play a regulatory role in the control of translation.
